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ABSTRACT

Today'’s large, high-speed computers provide capability for
solution of the full set of two-phase, compressible Navier-Stokes
equations in two or three dimensions, We have adapted computer codes
that provide such solutiors in order to study explosive volcanic
phenomena, At present these fully nonlinear conservation equations are
cast in two-dimensional cylindrical coordinates, which with closure
equations comprise 16 equations with 16 unknown variables. Solutions
for several hundred seconds of simulated eruption time require two to
three hours of a Cray-1 vomputer time, Over 100 simulations have been
run to simulate the physics of highly unsteady blasts, sustained and
steady Plinian eruptious, fountaining column eruptions, and mnltiphase
flow of magma in lithospheric conduits. The unsteady-flow calculations
show resemblaitce to shock. tube phiysics with propagation of shock waves
into the atmosphere and rarefaction waves down the volcanic conduit.
Steady-flow ecuption simulations demonstrate the importance of
siupersonic flov and overpresswe of erupted jets of tephra and gases in
determining whether the jet will buoyantly rise or collapse back to the
carth as a fountain. Flow conditions within conduits rising through
the lithousphiere determine cruptive conditions of overpresswue,
velocity, bulk density, and vent size, Suclht conditions within conduit
systems are thought to be tinked to ltow frequency, sustained seismicity
kinowi as voleanie tiemor. These calculations demonstrate the validity
ot some anasytical eruption calenlations under limited conditions.  in
goeteral . though, the simulations show that consideration of
nounlinearitios tnherentr o mnltiphase propertiens, compressibility, and
mudtiple dimensions lead to solutionsn that wmay greatly vy fiom
simple, one dimensional anmatytical approaches aund often produce 1esults

ot available to tntuitive reasoning.



INTRODUCTION

Computers have played an increasing 1ole in geosciences over the last
several decades in a variety of capacities, including data bases, uigital
mapping, geophysical data inversion, statistical analysis, and modeling or
simulation of physical and chemical processes, to name a few, We discuss one
of the newer applications, simulation based upon solution of sets of
differential equations that model the fundamental physical relationships of
fluid mechanics, Historically computers, especially those now called
"supercomputers,”" were developed because of the vision of John Von Neumann
(Ulam, 1980; Von Neumann and Richtmeyer, 1949), who believed that ail the
necessary fundamental physical relationships of fluid mechanics could be
accurately expressed by mathematical relationships. Von Neumann realized that
the intrinsic nonlinearity of these systems of differential equations and the
large number of variables involved preciuded analytical solution. He showed
that mathematical techuniques ot finite differences could provide very precise
solutions to individual equations, hut that to perform such calculations would
be practically impossible without ntilization of machines that could rapidly
process the biltions of arithmetic steps required.  Today we have those fast,

large-memory macbines, oid continued evolution of the wachines promises to soon

achieve Vou Neumaun'’s vision.

Explosive volcanism plays an important tole in todays understanding of
geodynamic relationships. 1t vepresents the high flux endmember of mass and
enetgy transpor t throngh the carth’s Hithosphere and is a major contrivutor to
the chemical budget of the atmosphere.  There s a groving understanding of the
relationship of explosive volcanism to the chemical and physical character of
the lithosphere and features of mantie dyrmmicn.  All of these interact in a

strongly coupled system,

Our preseut capabiltity of computer similatious of explosive voleanie

cruptions has developed over the last decade through the stimudi of research



programs at lLos Alamos focnssed at unders:ianding geothermal systems developed
in calderas, modext etforts of characrerizing and predicting volcanie hazards,
and a large eftort to bring the power of computational physics into the realm
of earth sciences, This latter effort has followed a general, whole-earth
approach in which large-scale behavior and character of the earth’s core and
mantle, plate and atmospheric dynamics, and fluid migration within the
lithosphere are viewed as a coupled system, 1t is our hope that by gaining a
confident ability to simulate the visible aspects of explosive eruptions, ve
can constrain some part of the lithospheric system through which magma

migration occurs,

The following description of our explosive veolcanism simulations will
briefly review some geologic phenomena we attempt co model, the modeling
approach we have adapted from other fields of computational physics, aund
results of simulations for endwember types of explosive behavior, iucludiug
unsteady or "blast" eruptions, steady tlows producing high standing tephra
columns, eruptive "fountains”, and finally our ongoing research into the

character of flow in subsurfiace conduite,

Explosive Vplcgnic Fhenomena

Explosive cruptive phenomena aie highlty variable, because of the large
numbet of therwodynamic¢, chemical, and physical behaviors of magma and solid
rtocks through which it erupts.,  These pheiomena have been c¢lassified by
volcanologists by overall teatures of the cinptions and according to which
type ltocatity volcauo the eruptions tesemble (Macbonald, 1972; Walker, 1973).
From physical point: of view, the clansification can be further simplificed by
considetation of the general fhuid dviamical tlow teglme whthln which varions

cruptions ot thought ta bobave (o Willeon, 198G,



Caldera evolution sequence, Silicic calderas are generally thought to form
in volcanoes that have demonstrated highly explosive or very large mass-flux
eruptions. During their long histories of development, commonly over several
million years with evolution of upper crustal magma chambers, having volumes of
up to several thousands of cubic kilometers, eruptive behaviors range from
passive lava extrusions to short-lived explosive blasts to prolonged jetting of
large volumes of tephra and gases. Gradual chemical differentiation of such
crustal magma chambers produces a volatile-rich chamber roof (Hildreth, 1979).
During catastrophic reiease of overpressured voiatiles from the top portion of
the chamber, Smith (1979) estimates in general a 10 volume-percent drawdown of
the magma reservoir, a volume which may be up to several hundreds of cubic
kilometers. Wohletz et al. (1984) simulated such an eruption and showed that
propagation of a rarefuction wave from the vent down into the chamber
pressurized to 100 MPa stimulates vesiculation and fragmentation of the magma
such that it erupts as an overpressured jet of hot pumice, ash, and gases.
Initially the flow from the vent is unsteady, producing blast conditions of
propagating shock waves in the atmospheric flow field. Gradual'y the flow
becomes steady with generation of a high standing eruption column that may
collapse in a fountain-lika manner. After the magma chamber becomes largely
depressurized, buoyant rise of viscous magma through the vent system produces

lava domes and flows.

Plinian eruption columns and their collapse. Descriptions of the A.D. 79
explosive eruptions of Vesuvius, published by Plini the Younger, have led to
specific definition of Pliaian phenomena by Walker (1981), which includes high
standing (10 - 50 km) eruption columns that sustain volume fluxes in excess of
10® m3/s. These eruption cclumns are multiphase mixtures of pumice, ush, and
gases (mostly steam) that show jet-like features at their bases and rise of a
buoyant nlumes near their tops (Sparks et al., 1978; Wilson et al., 1980). The
flow is generally steady and displays considerable turbulence, which is thought

to encourage mixing of the cooler atmosphere into the column, Heating of



admixed atmospliere by hot tephra can be sufficient to cause the column to rise
buoyantly. If the atmospheric mixing is insufficient, such that the column
remains denser than the atmosphere, the column may collapse in a fosmtain-1ike
manier, spilling erupted debris and gases to the ground around the vent to

produce ground-hugging flows called "pyroclastic flows."

Vulcanian and blast-type eruptions. Named after classical eruptive
behavior of Vulcano in the Tyrrhenian Sea near Italy (Mercali and Silvestri,
1891), Vulcanian eruptions are generally described as repeated, cannon-like or
staccato bursts of tephra with relatively small volume fluxes (<< 10% m?/s)
that form both hemispherically expanding clouds of tephra and gases and
buoyantly rising plumes of several km height or less. The highly unsteady flow
regime of these eruptions is can be accompanied by propagation of atmospheric
shocks, temporal development of supersonic, overpressured jets, and development
of laterally moving density currents of erupted ash called "pyroclastic
surges." The unsteady and overpressured nature of such eruptions have

characteristics similar to phenomena initiating larger Plinian events.

Strombolian and fountaining eruptions. Stromboli, the "light-house of the
Mediterranean” is a volcano that displays short to prolonged bursts of tephra
‘n ballistic trajectories from the vent. The expelled tephra in contrast to
ceruptions described above generally are not suppoited by an envelope of erupted
gases. Rapid expansion of centimeter to meter sized gas bubbles propels
teplita thitough the atmosphere. Where sucli activity is prolonged, a ballistic
foutain is observed, Because such behavior results in r1apid segregation of
tephra from expanding gases, the expansion is nearly adiabatic in contrast tn
the Plinian amd Vulcanian types in which gases remain in conta-t with the hot

tephia and can expand nearly iscthermally.



MODELING APPROACH

The mathematical formulation that we have used has been applied to wide
variety of dispersed, multiphase flows, and it is discussed at length in the
book by lshii (1975). At the leart of the formulation is the assumption that
the different materials involved in the flow field can be treated as individual
continua; these continua are superimposed on each other and are coupled
together by interphase transfer of mass, momentum, and energy. Because the
different materials are treated as individual continua, the full set of
conservation equaticns must be solved for each material (or field). The
interphase transfer of transport quantities (mass, momentum, and energy) also
requires that all equations for all fieslds must be solved simultaneously. It
is clear that comprehensiveness of a model rapidly approaches the limits of
modern computational speed and memory. For example, to model a two-
dimensjional, time-dependent, high-speed flow of gas and particles of three
sizes would require the solution of 16 nonlinear partial differential equations
(a set of four equations for the gas and for each particle size) and 20
additional algebraic equations (equations of state and interphase coupling)
with 36 depeudent variables. This example does not include mass transfer terms
and would only be capable of including turbulence effects in the form of an
eddy viscosity; =olviug more tealistic tnrbulence transport equations such as
those presented by Besnard aund Harlow (1988) would at a minimum double the

numbet of dependent variables.

As an aside, one might ask the question ot why bother with numerical
modeling if the models are so simplified in comparison to natural phenomena?
The example described above shiows bow complex a nimerical solution can be with
only three particle sizes, one gas, and no mass transfer, amwl we kiow that
volcanoes coutain tephra particles 1anging in size over several orders of
magnuitnde with variable denstties and shapen.  Alxo, there ate more than one
gas specices and mass transfer, involving exsolution of volatiles from tephra

ad theitr munbuequent phase clige.  The auswer to the above question is as



follows: although we can only model very crude approximations of nature, the
approximations we do obtain provide behavioral iusight that could not be
obtained by intuition alone., The reason for this "beyond intuition” probe of
natural processes derives from the intrinsic nonlinearity of the governiug
equations; many nonlinear processes are too complicated for mental solution
even at an intuitive level; hence, the nececssity of a sophisticated computing
machine, Overall, we believe that gaining an understanding of relatively
simple analogs to nature is prerequisite to grasping the complexities of
nature, This reasoning is also the justificaticn for laboratory
experimentation; however, numerical simulation overcomes the problems of

dynamic similarity that plague laboratory analogs.

Mathematical Formulation

Our modeling effort has focused on solving the following set of equations,
forms of the complete Navier-Stokes equations, which describe a two-phase flow

of compressible gas and incompressible solid particles:
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This formulation for two-phase flow (symbols defined in Table 1), presented by
Harlow and Amsden (1975), is very general and has been successfully applied to
a wide variety of flows from bubbly flow past an obstacle to star formation
processes (Hunter et al.,, 1986). An important aspect of equations (1) through
(6) is that they are cast in terms of volume-averaged quantities, The
elemental volumes over which the differential equations are solved are
necessarily much larger than the size of individual solid particles carried by

the flow in order for rhe continuum approach to be valid (Travis et al., 197%),

Equations (1) and (2) are conservation of mass for the gas and solid
phases, respectively. The left-hand side of these equations represents the sum
of temporal and spatial changes of mass contained within an elemental volume.
The right-hand sides are just the contribution to the gas phase by mass

diffusion out of the solid,

Equations (3) and (4) express momenta conservation for the gas and solid
phases, vespectively. They state that the transient momentum changes within
and advected through a volume element are balanced by the sum of forces due to
the pressure gradient, interphase momentum *ransfer (drag), gravitational
acceleration, momentum exchanged by interphase mass transfer, and viscous and
turbuleunt stresses. Because explosive volcanic eruption columns have high
Reynholds numbers, tuwrbulent forces greatly dominate viscous ones, such that the
last balancing term can be represented by the divergence of the strain-rate
tensor using an eddy viscosity, The two-dimeusional stress tensor has the

folltowing form, which crudely represents the Reynolds stress tensor:
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The eddy viscosity, v,, is constrained by observed eddy length scales and plays
an important role in determining the mixing of atmosphere into the eruption
column (Valentine and Wohletz, 1959). Although this description of turbulence
is very crude and a more detailed calculation is being sought (e.g. Besnard and
Harlow, 1988), we note that empirically derived turbulence representations have
direct relationship with measurable physical features of flow, and
theoretically derived ones are only poorly coupled with observation. For two-
dimensional solutions, the momentum equations must be written for both

components of velocity of the gas and solid phases.

Equations (5) and (6) are conservation of specific internal energy within a
volume element for the gas and solid phases, respeciively., The temporal and
advected energy changes are equated to energy of pressure-volume work,
interphase heat transfer, heat exchanged by phase changes, and energy
dissipation by viscous stresses and turbulence. The gas phase also experiences

changes in internal energy caused by interphase drag-induced dissipation.

These equations when written in expanded form comprise a system of eight,
nonlinear, partial differential equations. Closure of the equations is
obtained by applying algebraic relations that desc-ibe the equations of state
for the materials, the relationship between volume fractions, and interphase
coupling (see Valentiune and Wohletz, 1989 for a detailed presentatiou of these
tetws)., These algebraic closure equations account for the volume-averaged
etfects of processes that happen on a smaller scale than the elemental volume

used for differentiation; for example, the drag of fluid on individunal



particles. The very nature of this mathematical formulation requires that the
microphysics are treated in only a very general sense. Thus many small-scale
physical processes that are undoubtedlv of importance in some volcanic
phenomena are not included. Examples of such microphysics include particle-
particle collisions, the particle-wake interactions, and distributions of
bubble sizes in exsolving magmas. In principle the volume-averaged effects of
any such process are implicitly included in the governing equations, For
detailed simulation of a dense pyroclastic flow, we can introduce a pressure
term to the equations for the particle phase that accounts for the normal
stress produced by shearing grain flows. To date our simulations have focused
on large-scale processes where most of the microphysical processes are thought

to have negligible contribution.

A source of confusion in our simulations of eruption columiis has been the
role of turbulence in the governing equations, aud how atmospheric entrainment
is calculated. Previous eruption column models have been limited to one-
dimensional, single-phase fluid approximations (see Woods, 1988 for a recent
reviev and improvement of previous model attempts), In these approximations, a
source term is required on the right-hand side of the couservation of mass
equation in order to account for relatively cool atmosphere added to the flow
by entrainment (i.e. the entraiued fluid is added to the one-dimensional
system), In our calculations, the atmosphere is part of the computat.onal
domain, and its entrainment naturally occurs as a result of turbulence
diffusion in the momentum equation. I other words, the turbulent stress term
in equations (3) and (4) produces a "force" that causes fluid movement in the
same manner as amny of the other terms in the momentur balance. Thus where a
velocity gradient is present adjacent parts of the flow field will diffuse or
interpenetrate into each other; the amount of interpenetratinn is proportional
to the velocity gradient. Thus the gross effects of entrainment are included
in the calculations. The details of this eotratument, which involve Kelvin.
Helmholtz instability, are not strictly calculated but are solved in an

averaged sense,

ln



Although equations (1) through (6) are fairly comprehensive in that they
include no restricting assumptions that might affect dynamic similarity,
caution is required in applying their solutions to nature in the sense that
they do not calculate "real” volcanoes. Because of the turbulence
simplification and microphysical assumptions discussed above, tiie calculations
are only valid in showing general eruption behaviors and relative variations
that result from changes in initial and boundary conditions., We do not pelieve
that it is realistic to directly apply numbers calculated by ou: models to
natural systems, although that is a goal that Von Neumann believed is
obtainable. Nevertheless, we can learn about the relative sensitivity of
physical parameters involved, which is valuable for interpretation of field

observations.

Computer Adaptation

Although mathematical solution techniques are avallable for attempting to
get analytical solutions to the above equation set, it may be exceedingly
difficult or impossible to get meaningful results after the required
simplifications are made. Hence we have applied a numerical solution technique
by finite differences (Ferziger, 1981)., Ve begin by expanding the equations
above into partial derivative form, using cylindrical coordinates (r,z,8) with
azimuthal symmetry along the z-axis, centered at the vent. The difference
scheme used to discretize the partial derivatives on a constant spatially and
temporally incremented grid was chosen to balance accuracy and stability with

economy and versatility (lHlarlow and Amsden, 1975).

Finite difference solution scheme. A mixed, implicit explicit
solution method, developed by Harlow and Amsden (1979), wan chiosen becanse of
its economy and ialierent numerical instabilities are easily r1ectificd, even

though a purely implicit differencing method of temporal dervivatives is



generally more stable but more expensive. For example, the first term on the

left-hand side of the continuity equation is written:
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where the approximation signifies that of the finite differencing, and the
index n represerts the time step, such that there are n = t/&t time steps of
duration &t in a time period t, This forward differencing scheme explicitly
gives the new value of p, pu, pv, or pl with a truncation errcr of the order
8t. Velocities are placed at cell edges for differencing advective terms to
best model fluxes through cell edges. In order to circumvent stability
problems in using cell-edge values of vectors, a staggered grid is defined and

the advective term in the continuity equation is:
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wirich holds for flow in the positive z direction. Such a sclieme is called
"donor cell“ or "upwind" differencing, which ensures that the value advected
into the a specific cell originates upstream. [I'his scheme suppresses nnmerical
instability, b steep gradients tend to he smeared over several cells, and the
tinncation etror is kept to first order. Tor this reason, shocks in supersonic
flows are not nniquely defined, but their presence can easily be distinguished
in the colutions,  Other nontrivial finite differencves are those for stress
tcusors, which are solved for cell-edyge values in the momentum equation aund
cell center quantities in the energy equation (Horu, 1986). For momentum and
lieat exchange terms in the conservation equations, an implicit form uwas chosen,
hecanse it is simple and unconditionally stable, lu geneval the cateutatlonal
time step proceeds by obtaining advanced time values for all sealar variables
in the mesh, followed by a second iteratioun, dw ing which new velocities are

caltvulated, nsing new densities,



Because the systematics for solving the equation sets described above have
been previously developed at Los Alamos for generalized application to
hydrodynamics (e.g. Harlow and Amsden, 19/5), it has been convenient to borrow
sections of FORTRAN programs from other codes, making adaptations necessary for
simulation of geological processes, In all cases, stability has been verified
for the difference techniques (Hirt, 1968), such that we have high confidence

for their applications over a large range of flow velocities,

Numerical output, graphical representation, and anclytical approach. In
general numerical results of each time step are dumped to disk storage for
retrieval in the next time step, restarting the calculation, and generating
tabular and graphical results. A typical calculation of 200 seconds of
eruption time produces over 20,000 pages of tabulated numbers. A post-
processor code can be applied to the dump files for various graphical outputs,
including vectov and contour plots and rovies thereof., We have found that
analysis of such voluminous results is time-consuming and difficult, such that
a detailed study of an eruption simulation with initial and bouudary conditions
set to model a given volcano is analogous to a geological field study in which
numerous field locations are examined to describe eruption effects and

deposits.

It is instructive and useful to study simulation results for cousistency
with laboratory amalogs and predictions, based upon other analytical solutions.
Au discussed below, the physics «f high speed flows are kunown from laborvatory
experiments, aud our computer results can be tested ftor theitr ability to
reproduce knowt experiments, Ouce credibility has been extabttshed for g
rowpitteyr code, its results are cousidered to be "data™ tu that they ave stmply
miathematical representations of physical parameters, an ane may x o1ay analynes
of 1ock chemical composttions, for which x tay tntensities sire converved by

mathematical tools tuto numbers of chemical signiticanen,



UNSTEADY DISCHARGE (BLAST--TYPE) ERUPTIONS

The concept of blast-type eruption was rceently given a descriptive review
by Kieffer (1982; 1984), and it includes eruptiorns that show highly unsteady,
supersonic flow with notable propagations of shock waves, either as bow shocks
that precede expulsions of tepbra or as standing (Mach disk) shocks, that
develop within supersonic jets of tephra and gases. Such eruptions are short-
lived and in many places produce pyroclastic surge deposits of tephra. By
analogy to large chemical or thermonuclear explosions, the presence of base
surge deposits are often an earmark of highly unsteady flow and shock
propagation (Gla -<tone and Dolan, 19/77), As discussald above such eruptive
phenomena are associated with initial phases of Plinian eruption and Vulcanian

bursts.

Voliletz et al. (1984) moaricd o large cruptive blast agsociated with
Plintan eruptions that ocenr at durivg ca'dera-ferming events, Assuming ithat
an overpressinod magma chamber can be ncarvly instantancously opened to
atmosphere by large scale vent 1ock fatlure, analogy to well known shock tube
physicn (Muigh:, 1967) iy a conventent vay to predict flov plienomena and to
test the ability of om campnter cade to provide solutions that emulate those
physiers, which are desepribed from congideratton of wsris nd momentim

couservatian verpectively wiitten for one dimenstonal, inviseid flow:
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substituting characteristic velocities, dx/dt = u + ¢, the conservation

equations can be algebraically rewritten as:

3 3
m (f »+ ) + (u + ) F (f +u) - 0 (11)
3 3
Ty (f - uw) + (u- c¢) rm (f - uw) =0 , (12)

Using aud ideal equation of state where pp9 equals a constant, the solution
for f is, using the Riemann ipbvariant tor free expansion (Courant and
Friedrichs, 1948):

Cont)

Now wlth Rauktine {lugonfot expressions for mass, momentum, nd energy
couservatlon actoas a shock cave (e.g. Shapiio, 1953), the flow field of a

shock tube can b Inlly deserhed by the followlug algebraic expressions:
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for which the Mach number is M - u/c¢y, the limit of isentropic expansion is |1 =
(v 1)/(y+ 1), and the y is the shock strength, p,/p,, which is a transcendental
function of the atmospheric pressure p and chamber pressure p,.  The
predictions of y and subsequent flow ficelil variables are desctibed in Wohletz

et al, (1984) and are summarized in Figures 1 and 2,

We have found that our numerical codes nicely model slock-tube physics for
two dimensions (Fig. 3). A blast-type eruption from a magma cramber at p, =
100 MPa, T, = 1273 K, and 8,7 wt X oversaturated vith water from a vent with a
hydraulic radius of about 100 m produces a bow shock ef 3 MPa overpressure that
exits the vent ahead of steam and tephra at about 1 km/s., Unsteady flow behind
the shock continues up to several minutes as a rarefaction vave propagates down
the conduit, accelerating the tephra to 300 to 500 m/s. Because the the
tarefaction wave retlects off chamber walls, 1t canses surging flow out of the
vert and development of o fluctuatiuy Minch disk shock ther adds to the blast

phenomena,  These results are shown in Figuwres 4 aml Y,

STEADY DISCHARGE FRUPTIONS

Many explosive ecruptions, especially tuose classified as Pliuian, arce
thought to invelve r1elatively loug perfods of approximately steady mass
dHscharge onee a vent has been opened (Malker, 1981),  Deponding on veut flow
condlitionyg, ornption columns may cither ine as huoyant ploames tiom whicel
tepina 1y deposited by fattout, vt collapue 1n a fountalnlug manner from whiceh
tephra in emplaced by tateratly flowlng denntbty cnmivents (Spanks et al,, 19/48;
Vilson et al., 1980; Valentine aml Wolhiletz, 1989), Within the fromewvork ol our
slmulations, the conditions that determline whether an vruptlion colomn e
buoyant o forms a fountain can be shown as o funetion ol threr ddimetsdonlens

mmbers (Flg, 60).  These unmbers ey



e - Patm pressure diving torce

Tom = (Pp - Poem)8R, = buoyancy force (18)
PaV,’ inertial force

Ri, - (Pn - Porn)BR, = buoyancy force (19)
Py exit pressure

Kp = Pocn = atmospheric pressura ' (20)

for vhich T, the thermogravitational numbec, is a function of the exit (p,)
end atmospheric (p,,.) pressures, erupted colum: density (p,) and atmospheric
density (p,,.), gravitational acceleration (g). and vent radius (R,); Ri_, the
Richardson numbe:r, inciudes the square of the exit velocity (v,); and K“ is the
pressure .atio. In order to arrive at the collapse criterion in Figure 6, we
have considered eruptions with the same exit temperature (1200 K) and particle
size (0.02 mm); a more comprehensive treatment would also include variaticn of
these parameters. Ve note that our simulations of steady-flow eruptions have
been limited to elevations of 7 km, and it is possible that that some coiumns
that rise out of out domain might collapse from higher elevations. Stiil, the
dimensiontess numbers given abhave have strong physical signifieance in
determiuing the bebkaviar of erupted columns, and it {5 their relative {ufluence

that has been demomstiated by the numetical expor Iments,

Plinian eruption cotumus. The term "Plinian cohwmn,” as discunsed above,
tefets to etuptive phenomena of high: standing, huoyant piume of gas and tephrn.
Some results of an example aimulation, pradinceing and eruption caiumn that exits
the computational domain, are shown in Flgme 7. Asq the flov Inditially exiix
the vont, 1t rapldly tlares, aving to expanston from averptessmto and the
1esistanre of the atmosphere. The top of the enlumn rdovelops varticelty vheto

It pushes agalnst the atmosphore, and Tt Iy teimed the "warking surtaee,"

analogous to teatmen seen {n laboratory atmatation: of suprrsonie Jotan,  Ax



time progresses, the working surface rises, and in the last snapshot, it is
buoyantly rising out of the computational domain, 1In the two late-time
snapshois a {laring structure typical of laboratory overpressured, supersonic
jets (Kieffer and Sturtevant, 1984) is evident; it is a result of Prandtl-Meyer
expansion of -‘he jet as it exits the vent, Because the governing equations are
the full Navier-Stokes equations with no restrictions on compressibility and
other flow properties, the range of flow behaviors from subsonic to snpersoilic
naturally occur in the calculations, and although as stated abcve, shock
discontinuities (e.g. Mach disks) are numerically diffused over several cells,
their effects are observable from plots of pressure and density contours and

velocity vectors,

Eruption fountains and colump collapse. When exit conditions of an
eruption column plot below the surface shown in Figure 6, the column takes on a
fountain like character (Fig., 8) that leads to formation of pyroclastic flows,
In Figure 8 and example simulation is shown where most ot the ash rises to
about 3.5 to 4,0 km and then falls to the ground, forming both inward- and
outvard moving pyroclastic flows. A low tephra concentration cloud
continuously 1ises off the pyroclastic flows., Figure 9 shows some ot the
propertles of the pyroclastic flow at three different times during its
evalution, the earliest of which corresponds to the time wheu the flow first
hits the ground avay from the vent., A paramectev that {s interesting from a
peologic pelut af view s the dyuamic pressmnre (Fig, 9h), whileh shows
complicated time evolution, For example, based upon cffectx of dymamie
pressure, we predict that some locations away from the vent may experlence a
sequence of substrate orosion, followed by teplua deposition, while other
ltocations experlepere the opposite sequence,  Because the dynamie pressure can
be directly telated to bottam shear streas and hencee eroston/deposition, we
Inter that even a stmple eruption, such an we have mumer leatly simlated, might
Tead to a very complex statigraphy of teplna dieposita, Kruptions with
different extitv comlltiany show widely vinying dynamic pressme hilntorles in

thelr pyroclastic flows, tudicating that the tevel of complextty that wmlpht be

In



interpreted from stratigraphic observations is essentially unlimited {Valentine

and Wohletz, in press).

CONDUIT FLOW CALCULATIONS

The above simulations have used a wide variety of vent exit conditions, In
reality, the exit velocities are strongly coupled to gas mass fraction,
temperature, and pressure, as well as vent radius, all of which have been taken
into cousideration by Wilson et al. (1980) in a one-dimensional solution of
flow within volcanic conduits., Because our solution technique is so very
different than the analytical approach used by Wilson et al, (1980) (e.g. we
consider two-dimensional solutions, including nonlinear and time-dependent
processes), we feel that the actual range of exit parameters is still poorly

constrained.

We are beginning calculations of flow through the lithosphere in
conduits., Thin 1esearch, which was initially followed in the calculations of
transient blast cruptious described avove, requires more detailed work to fully
constrain the range of possible exit parameters {or steavy eruption tvpes,
included dnoonr caleulations are tracking ot the varetaction wave down the
coudunit, vhiteh is followed by a fragmentation surface where the gas phase
becomes continuons, and the effects of volatile mass fraction and its phase
change after exsolntion from the magma. Also, we arce calculating the effect of
flow shear stress upon conduit walls that are defovmable, crodible, and can add
tock fragments: to the flow. Fignre 10 is a sketeh of the flov field geometry

Wier ot e solving.

At al extension of flov catenlations tn Tithoupher ie condnity 1a a

stady of sotree tviggers for voleanie tremov, a cotblaborative ntud, with
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Bernard Chouet of the U. S. Geological Survey, Chouet (1v86) describes the
frequency content of volcanic tremors as reismic waves radiating trom a fluid-
filled crack in the lithosphere. Althougl the crack need not bLe connected to a
volcanic conduit, there is certainly the possibility that such a crack
represents part of a conduit system. The coupling of wave propagation in the
fluid with elastic waves in tne crack walls is nonlinear and results in a very
slow wave called the “"crack wave" by Chouet (1986). The source disturbance in
the fluid is not known, but preliminary consideration of two-phase flow of a
bubbly fluid and the growth and collapse of vapor bubbles in the fluid suggest
that they are strong candidates for such 1 source trigger. This possibility is

being investigated as a part of the conduit flov calculations.

SUMMARY

Ve have appiied the separated, two-phase hydrodynamic equations, including
all important physical parameters to modeling explosive volcanic eruptions.
Two main types of cruption flow regimes atrwv modeled: (1) unsteady, blast-type
flow that involves highly transient effects, such as shock/rarefaction
propagations and reflections and time dependent tlow within the volcanic
conduit; (2) steady dischaige eruptions in which vert exit conditions determine
viiether a high-standing, buoyant plume or a collapsing fountain are produced,
the latier leading to development of pyroclastic flows. We have recently
guccessiully reprodnced some of the charactecistics ol the Mount St. Helens May
18, 1980 eruptions (Valentine and Wohletz, i press) and have early tie
calculations that support Kietter's (1981) jer model tor the blast phasce of
that ernption.  ltuterestingly, we have found in those calculations that both a

hotizoptal and a4 vertical joet ortentation prodiuces similav tate tiwe features,

The memerieal simulations, being tn escence experiments where the bonndary

ab inditial conditions e set by the aperator with the teqults evolving

Jo



continuouslty through time, can provide much insight into various field
observations. both of the activity of explosive eruptions and the tephra
deposits that result. One example of this type of experimental observation is
the pyroclastic flow erosion and depositional history mentioned above. Other
examples include the flow dynamics that lead to depositional facies of
pyroclastic flows, such as the ground surge that is commonly found at the base
of pyroclastic flow deposits, the ash-cloud surge that is deposited over
pyroclastic flow, and lateral depositional facies, determined by tephra size
and volume concentration, such as proximal coignimbrite breccias. The
simulations can aid in interpretation of active eruption behavior. For
example, simulations show that the ash-cloud rising above a fountain can reach
upwvard speeds much greater than the actual exit velocity at the vent, and *hat
pyroclastic flow runout is affected by eruption-induced atmospheric convecticn
(Valentine ana Wohletz, 1989)., Although numerical simulations can never
completely substitute for observations of nature, they do have the advantage
that one can see inside the flow, whereas in nature most of the important
processes are hidden by veils of ash, Numerical simulations camnot stand
alone, but tliey are in our opinion absolutely necessary for understanding most

field obhservations of explosive volcanic activity.

An importan) lesson that we bave learned from studying the multiphase
hydrodynamics of expleosive eruptions is that a rich complexity of processes is
predicted by the relatively straightforward set of governing equations (eqs. 1
-6). The diversity is a result of the inherent, nonlinear nature of these
equations; small changes iu parameters may produce very different solutions,
This complexity suggests that for a given vbservation there may be several or
more, equally plausible physical explanations, and that extreme caution should
be nsed in interpretation of field observations, such as comparison of the

plicnonci. ot neveral different eruptious, even at the same volcano.

There are numerons divections that can be folltowed in future computes

ctudices of explanive epnptions,  One of these, the flow within volcanic



conduits through the lithosphere is our present track. Eventually, we wvill
combine the conduit and external flow fields into one calculation, using a
variable mesh size and time step. We have constrained our calculations to
single particle sizes, and because the effect of multiple sizes is nonlinear,
we have not attempted to superimpose solutions for simulations of different
sizes, However, Marty Horn has developed a code at Los Alamos to calculate
effects and trajectories of particles of various sirves and densities in a
multiphase hydrodynamic calculation. Additional collaboration with Susan W.
Kieffer of the U. S. Geological Survey will tackle a study of the detailed
physics of the atmospheric flow field in a seatch for flow singularities and
the effects of high particle concentrations, topographic barriers, and various

column (jet) orientations,
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FIGURE CAPTIONS

Plot of shock strength versus magma chamber overpressure.

Plot of velocities and temperature for analytical solution of shock-tube

physics of the Bandelier Tuff eruption.

Distance-time plot for computer simulation of the blast that is thougnt to
have initiated eruption of the Bandelier Tuff. The plot is analogous to an
ideal one for a shock tube with propagation of a shock wave into the
atmosphere whiile a rarefaction wave propagates down and reflects within the
magma chamber and conduit. The contact surface marks the front of tephra
and steam accelerated out of the vent. Both vertical and horizontal

components ate shown for these waves,

Schematic representation and marker particle plots at 13 secounds of
similated blast eruption time, showing the shock wave, ach contact, and

tarefaction wove in the vent.,

Developmental stapes of a blast eruption followed by PPlinian column
collapse.  The blast wave consists of a teading bow shock aud tratling

surpens of tephra o which Mach dive shocks torm fn tesponse to wide, nearly



8.

hemisphetrically flaring of the overpressured jet as it expands into the

atmosphetre.

Plot of the collapse criterion for eruption columns in forming fountains.
This piot is for a single tephra particle size and shows the control by
Tg,, Ri,, and K, as defined by exit conditions. Exit conditions, plotting
above the surface, form high-standing Plinian columns, while those plotting
below the swiface produce collapsing columns or fountains that lead to

pyroclastic flow phenomena.

Numerical eruption simulation of a Plinian column. Contour plots of log 6,

vith u,, p, p,, and T, are shown for three times after initiation of

7!
discharge (10, 80, and 110 s). The innermost log 6, contour corresponds to
a solid volume fraction of 10°', and each contour outward represents an
order of magnitade decrease in that value. Maximum flow speeds of about
400 m/s are attalned in the basal 2 km of the column. The exit pressure of
this eruption is 0,69 MPa, and the initial atmospheric pressure signal is
shownt in the pressure and gas-density plots at t = 10 s as a perturbation
in the ambient values. T_ contours are Jrawvn at 100 K intervals, starting
at 1200 K oat the vent so that the outermost contour corresponds to 400 K.
Note that as o with all eatentations, the atmosphere ts inftially density

stratified qml izothermatl ar 00 F,

Nimct veal ernption simulation of collapsing cotumn or fountain., Contowm
plots are wiwibin to those tn Fignre 7 oand are shown for simulated eruption
times of 10, {0, aud 140 s, The exft preunure Is atmospheric and maximum
speod: are abouwr WO m/s at the exit plane,. Note the atmospherle pressane
sipgnal ar P 3 botter tezolved thon that shown tu Fignre 7, beciune
the Iower pre e of this canption ot loved dioving of closer puessure
comtonr s, High prescare colby are Toeosted ot the clevation of eolblapne and
wht o the conlbapaime tlow dephaees apon the pronnd. The contem plot of p

1
it Pavt - hows how hot, pelatioeds Tow adewsity pas dn advapped beneath



10.

the relatively high-density atmosphere, prodocing an unstable situation
vhere the hot gas tends to rise ou® of the basal flow, This situation in
turn leads to development of an ash cloud that buoyantly 1ises above the

basal pyroclastic flow.

Simulated properties of a pyroclastic flow as functions of distance from
the vent center: (a) horizontal velocity; (b) horizontal component of
dynamic pressure; (c) temperature; and (d) particle volume fraction, Each
of these parameters 1s shown fcr three times after the inftiation of
discharge (t = 109, 131, and 145 s), the earliest of which coincides with
the initiation of the pyroclastic flow. For this eruption the flow
conditions at the vent (200 m radius) are: velocity of 300 m/=s, 0.2 mm
particle diameter, 0.1 MPa (atmosplieric) gas pressure, and a mass discharge
of 9.0 x 108 kg/~.

Sketch of the [low field for multiphase tlow {n a tithospheric crack, which

evolves into a flaring volcanic conduit,



Table 1, Notation.

Cq sound speed of compiessed gas

»

T gravitational acceleration

l_1 gas specific enecgy

b, solid specific energy

J mass exclhange rate

I(,1 momentum exchange, particles to gas

K., momentum exchange, gas to particles

K, ratio of exit pressure ta atmospheric presswne
M Mach number

I pressur e

I, pressure of compressed gas

R, heat exchange, particles to gas

R, heat exchange, gas to particles

1, ciiergy samce of aans exechange and phase climpe
T, temperature of comprenssed gas

Ty, Thermopgravitational parameteg
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Table

1.

(Continued)

gas isentronic exponent

gas microscopic density

solid microscopic density
density of compressed gas
limit of Isentropic expansion
gAas volume fraction

solids volume fraction

stress tensor

eddy viscosity




SHOCK STRENGTH

100 1 ] 1 1 1 T .._._‘__T__l
)
50 /vmcmo/ L
- (1\/’
d o ¥4
/ -
- ‘ //
l LY )
10 . - -
S
I/
! Voo oo A
0 8% 100 600 1000 8000

pucssunt Ratio (©

OMPRESSION CHAMBER
EXPANSION CHAMBER



VELOCITY (ms™~)

2000

1000

SNHOCK VILOGIY

VELOC!IY
(ASH AND $11 AM)

/

ITMPLRA OO
(COMPAL S51 ¢ adl)

1 ] !
10 100 1000

OVERPRESSURE (MPa)

X
3000 g
«
£
2000 3
w
=
1N00



DISTANCE (km)

—

ATMOSPHERE

20 /
VERTICAL snocx/ =
15 VERTICAL CONTACT 22
/ ,//"ﬁORIZONTAL
/ =7 . SHOCK
=
10 / 7
/ &
/ P
/ // MORIZONT AL
Z . CONTACT
5 / 2 Z

.- FIRST RAREFACTION
. REFLECTION

GROUND SURFACE

0
X pARt FACTION ,/ ~\ ZN
LN NN
N \< A\ MAGMA CHAMBER
; NN \
5 /N ~ \/
N \ ) -~
M lV - \4 1 | N ]
0 10 20 30 40 50 60
TIME (s)



TIME =13 s

AMBIENT AIR

SHOCK

Ve AIR

{ : e b, L
ASH .
ol- . !‘ \ ‘ :vul-------- .,
AN \ QORI B

SCALL v\ . 108

rf Soshedndrh
0 ol B S st

SEEZGEECaRE TR

SEasSSERBLEEN

SS e SR gt St

ROGR PP
AR Sz aeaapEEl

13

of

g4

=

HHE




- . - -

LITHOC RICH! ASKH

= SHOUK

B REFLECTED RAREFACTION (COMPRESSION WAVE)

C UNGTL ACY FLOW (SUIGL)
HnnaL K ALl
L] | B )
L] L]
F Y RS Y ST — !

' Nt XTI I*l —_—
_\ ( RANL) AC NIGN KL T € NHONY
L

CIOL LN o 11 AP
SELALY vy
' Al FIOW AL L WAVI
-~ rd
Y e .. -
LI} -
] e
' MVENLL AN o
]

. \-( I A e /.

‘ - L - . [P —
l ’ HAHL FACTION

w\



or

T8 m
404
-t —_—
} ~~ e
| ~
} \\\
| ~o
304 ~
| N
| o
AN
l AN
| N
| \\
204 \
PLINIAN }
COLUMNS - :
| « | - ‘COLLAPSING

COLUMNS

R

nt

—



Z thm

FELL ]I

1= 10s

4
H(hml

:

]

3

.‘l

2‘ )

RO
R (kmi

d

b ]

" (my
L
B \\m\l“l
A

P .
4 L}

Z (km)

Z (km)

Z tarr,;

vvvvv

H («m]

Z (km)

1= 110s

a 4
A (wm)

W,
kA




1= 140s

1= 80s

1= 108

H thm}

kg

11 iy

pu——
—
—
-

~ -

—.

Teme. | o=
~ee—.
 —
<% . -5




Veloclty (m's)

Temperature (K)

100

Radius (km)

Radius (km)

——-1=1315

servreees {2 145 5

Pressure (Pa)

Solid Fraction

50000 -
. 40000
30000
20000 -
Radius (km)
0 010000
0 001000 -
4~ NG
0.000100 .
HE
0000010 ‘I Y
0 000001 \
|
0 000000 — T
0 3 5 b
Radius (km)
)



ATMOSHHERE

SURFACE e — —— -
1
, 1
o o 0 i
%o°|:oo :
oo by oo:: 1
' | INITIAL
MAGMA WITI{ VOLUME — — L o'}, ® | CONFIGURATION
FRACTION OF GAS (bubbies) 1o 1
INCREASING UPWARD o 1
1
1
1
1

I
|
|
|
1 L_L___J

\_/COMPUTATlONAL

DOMAIN

POSSIBLE LATE - TIMU
CONFIGURATION

DISPERSED MAGMA
FRAGMENTS IN GAS



